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ABSTRACr

Monitoring programs using vibration monitoring or neutron noise analysis have
demonstrated the ability to detect and, in some cases, diagnose the nature of reactor
vessel internals structural degradation. Detection of compromised mechanical integrity
of reactor vessel internal components in its early stages allows corrective action to be
taken before major weakening or damage occurs. In addition to the economic benefits
early detection and correction can provide, they can also help maintain plant safety.
Information on the condition of reactor vessel internal components gained from a
monitoring program supplements in-service inspection results and may be useful in
justifying plant license extension.

This report, which was prepared under the Nuclear Plant Aging Research Program
sponsored by the U.S. Nuclear Regulatory Commission, discusses the application of
vibration monitoring and neutron noise analysis for monitoring light-water reactor vessel
intemals. The report begins by describing the effects of structural integrity loss on
internals vibration and how measurable parameters can be used to detect and track the
progress of degradation. This is followed by a description and -comparison of vibration
monitoring and neutron noise analysis, two methods for monitoring the mechanical
integrity of reactor vessel internal components. The major section of the report
describes the status of reactor vessel internals condition monitoring programs in the
United States, Federal Republic of Germany, and France, three countries having
substantial commitments to nuclear power. The last section presents guidelines for U.S.
utilities wishing to establish reactor internals condition monitoring programs.

Hi.
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1: INTRODUCION''

The detection of light-water reactor (LWR) internals structural degradation caused
by operational aging may become more important to U.S. utilities as the median age of
U.S. nuclear power plants increases. It has been demonstrated that monitoring programs
using vibration monitoring or neutron noise analysis can effectively detect the loss of
mechanical integrity of reactor internal components at an early stage before severe
damage occurs. Such programs have the potential to reduce plant downtime and its
associated costs, to make periodic maintenance more effective, and to maintain a high
level of plant safety. Another potential use for the information gained from an internals
condition monitoring program may be as an aid in justifying extension of a plant's
operating license.

Monitoring of reactor internals structural integrity can be considered an
application of the general concept of predictive maintenance. Predictive maintenance is
widely used by industry to monitor the condition of rotating machinery, where it has
proved to be cost effective.' It is assumed that the'application of predictive
maintenance techniques for monitoring the condition of reactor internals would similarly
become widespread if comparable benefits could be demonstrated. Although some
internals monitoring programs have shown mixed results, others have proved
unquestionably beneficial and cost effective.

It has been stated that internals monitoring programs in Europe are five to ten
years ahead of those in the United States.2 If viewed as an opportunity rather than a
criticism, this situation allows U.S. utilities to benefit from the considerable European
experience base, where vessel internals condition monitoring has been integrated into
regular plant maintenance programs in many cases. Thus, it should be possible for U.S.
utilities to implement effective monitoring programs with a minimum of experimentation.

The information presented in this report was obtained from several sources. The
main source is the series of Specialists' Meetings on Reactor Noise which have been
held every two to three years since 1974. Other sources include papers from other
meetings and conferences, information from contacts within the nuclear industry, and
information gained by Oak Ridge National Laboratory (ORNL) staff involved in
research on the application of neutron noise analysis for monitoring the continued
mechanical integrity of reactor internal components. The authors recognize that there
may be significant work of which we are unaware. However, the information on which
this report is based is believed sufficiently complete to describe accurately current
applications of both vibration monitoring and neutron noise analysis for monitoring the
condition of reactor internals.

This report, which was prepared under the Nuclear Plant Aging Research Program
sponsored by the U.S. Nuclear Regulatory Commission (USNRC), discusses the
application of vibration monitoring and neutron noise analysis for monitoring LWR
vessel internals. The report is organized as follows. First, the effects of internals
mechanical degradation on the nature of sensible vibration signatures are reviewed. This
is followed by a brief description of vibration monitoring and neutron noise analysis,
which includes a comparison and evaluation of these two methods. Next, current
practices are summarized, and example applications of these methods are given for both

1
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the United States and Europe. The report concludes with a summary of guidelines for
establishing what the authors consider a reasonable internals monitoring program for
U.S. utilities.



2! EFFECTS OF LWR INTRNAIS MECHANICAL DEGRADATION ON
VIBRATION SIGNATURES

Flow-induced vibration of reactor internal structures has been and continues to be
a problem in commercial LWRs. A partial list of internal component abnormalities or
failures attributable to excessive vibration is given in Table 1. In this report, internals
degradation means structural integrity deterioration that does not necessarily prevent a
structure from performing its intended function. Using this definition, examples of
degradation include weld cracking or loss of bolt preload. Failure is reached when and
if the degradation progresses to the point where the structure "breaks" in such a way
that it can no longer perform its function.

Many cases of internals degradation are caused by excessive flow-induced vibration.
As coolant is forced through the core, internal structures are-subjected to strong
fluctuating pressure and drag forces (see Fig. 1). These forces inevitably excite some of
the natural vibratory modes of the internal structures, resulting in motion that may
eventually degrade the structural integrity of the affected components. A component
does not necessarily require direct hydraulic excitation to experience vibration. Many
components are mechanically coupled; thus, excitation of one component may result in
vibration of a significant portion of the internals.

Often a mechanical degradation will affect the resonant frequencies of internal
structures; thus, a resonant frequency shift may be used to detect some forms of
mechanical degradation. Two forms of mechanical degradation that often result in
resonant frequency shifts, loss of bolt preload, and fatigue are briefly described in the
following paragraphs.

Loss of bolt preload may result in abnormally large vibration amplitudes and
shifted resonant frequencies and often precedes more severe structural damage. As a
connection loosens, the stiffness and mechanical coupling between connected
components is reduced; this often changes both the frequency and amplitude of the
vibration because of changes in the stiffness and effective mass of the structure.
Greater vibration amplitude results in greater stresses within the internal components,
thereby accelerating the progression of damage. In structures joined by multiple
connections, loss of preload in one connection increases the load carried by those
remaining, possibly increasing the rate at which other connections loosen and fatigue.
The accompanying frequency changes can be used to detect and ascertain the nature of
these degradations.

Fatigue damage can occur when a material is subjected to alternating stresses.
The rate at which fatigue damage progresses is affected primarily by the mean stress
level, the frequency of stress reversal, the magnitude of the alternating stress, and the
material's fatigue strength. As damage progresses, fatigue cracks grow, reducing the
load-carrying portion of the structure. As in loss of preload, the remaining intact
portion then carries greater mean and alternating stresses, resulting in an accelerated
rate of fatigue-crack growth. As fatigue cracks grow, the connecting stiffness decreases.
The progression of such fatigue damage can be detected from the resulting frequency
shift.

3
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Table 1. Eiampis of LWR n hponents cpeincing failure .r or e
rwmnduced bratoin during cxnmercial opeacion

Reactor Component Problem

KKS Stade Core support Loose bolts in structure
below core barrel

Palisades Core barrel flow-induced core barrel
motion

Novovoronezh-1 Thermal shield Loosening of thermal
KWO Obrigheim shield
Oconee 1,2,3
St. Lucie
Millstone
Maine Yankee
Trino Vercelles

Trojan Fuel elements *Baffle-jetting"-damaged
fuel elements on core
periphery

Crystal River Control rod spider Broken spider caused by
flow-induced vibration of
control rods

BWR4s Instrument tubes Damaged fuel channel
boxes caused by impacting
with instrument tubes

Millstone-I Feedwater sparser Vibration and cracking
observed

Pathfinder Steam separators Vibration-induced
structural failure
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Control rod
assembly

Plenum
assembly

Upper grid

Outlet nozzle

Core barrel

Lower grid

Flow distributor

Plenum cover

Control rod
guide tube

Core support
shield
Inlet nozde

Fuel assembly
Core support
assembly

'Reactor vessel

Thermal shield

I Guide lug

-Incore
instrument
tubes

(a) PWR internals

Fi. 1. PWR and BWR internals (Source: J. A. Thie, Power Reactor Noise, American Nuclear
Society, La Grange Park, I1L, 1981. Reprinted by permission.)
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Reactor vessel

Steam outlet nozzle

Vessel flange

-St Seam pressure
measurement tap

Steam separator

- Feedwater inlet nozzle

Water level
measurement taps

Core spray sparger -
Upper core grid -

In-core flux monitor
assembly

Fuel assembly

- Control rod
, Jet pump body

Lower core grid

Recirculating water
outlet nozzleControl rod guide tube-

Core differential
pressure tap

-Vessel support skirt

In-core
sleeve Control rod drive

housing

(b) BWR internak

Fi. 1. (continued)



3. METHODS OF SURV3ELLANCE

Although the presence of structural degradation may result in both increased
vibration amplitude and a shift in vibration frequency, the latter is the primary means for
detecting degradation. Measurement of reactor internals vibration most often is
performed using mechanical sensors mounted on the reactor vessel or other primary
system components, or by analyzing the noise content of the signals generated by ex-
core or in-core neutron flux detectors. Table 2 lists the major surveillance methods that
have been used to detect the degradation of specific components.

3.1 SIMILARITEES BETWEEN MECHANICAL VIBRATION MONITORING AND
NEUTRON NOISE ANALYSIS

The form of data collected using mechanical vibration monitoring or neutron noise
analysis is similar, and data analysis techniques for both types of sensors are basically the
same. Unlike in-service visual inspections, both methods are nonintrusive; monitoring
requires no process perturbations or special conditions and in fact is best performed at
full power during normal plant operation. Although the data may be analyzed in either
the time or frequency domain, for purposes of monitoring reactor internals vibration,
analysis in the frequency domain is preferable since the frequency shifts indicative of
vessel internals degradation are easily detected.

Frequency domain analysis typically involves using a fast Fourier transform (FFT)
algorithm to convert signals from the time to the frequency domain. The results may be
displayed as an auto-power spectral density (APSD) for each signal or, if multiple signals
are sampled, -is cross-power spectral densities (CPSDs) and coherences for each signal
pair. Examination and comparison of resonant peak amplitudes and frequencies of
APSDs and CPSDs and values of CPSD coherence and phase have proved useful in
detecting and diagnosing anomalies.

Since the detection process involves comparison of spectral features, a baseline or
reference signature representing normal operation is an essential starting point. An
effective monitoring program, therefore, entails regular data collection, comparison, and
analysis to ensure that anomalies will be detected before major damage occurs. Baseline
signatures may need to be updated periodically, for example, if modifications to the
vessel internals are introduced.

It should be noted that baseline signatures may not remain constant over an entire
fuel cycle even though the reactor is unaltered mechanically and is operating normally.
For example, neutron noise signatures are often affected by fuel burnup and control rod
position, both of which vary continuously during a fuel cycle. Similarly, vibration
signatures may be influenced by reactor temperature, pressure, water level, and power
level. Thus, the dependence of the baseline noise signatures on parameters other than
the mechanical vibration characteristics of the internals must be well understood. These
considerations indicate the need for a long-term monitoring program which, ideally,
should continue throughout the life of the plant, beginning during construction and
initial testing.

7
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Table 2. Methods that have been used to detect failure or
degradation of specific reactnr internal cxnpets 3

Surveillance Method

Neutron
Vibration noise Visual

Component monitoring analysis inspections

Thermal shield X X X

Core support X X

Core barrel X X X

Fuel assemblies X X X

Control rods X

Instrument thimbles X X

Indicates method used for degradation or failure detection.
tVisual inspection detected failed component during refueling

outage.

32 ADVANTAGES AND DISADVANTAGES OF MECHANICAL VIBRATION
MONiTORING AND NEUTRON NOISE ANALYSIS

The preceding text describes similarities between the use of vibration monitoring
and neutron noise analysis for monitoring the condition of reactor vessel internals. The
following paragraphs describe the application and the advantages and disadvantages of
each measurement technique.

Vibration monitoring uses mechanical motion sensors such as accelerometers,
displacement transducers, or strain gages. The techniques for mounting the sensors and
conditioning their signals are well known, since these sensor types have been used for
many years in a variety of applications including rotating machinery monitoring, modal
and seismic testing, and predictive maintenance programs.' The success of vibration
monitoring depends on mechanical coupling between components to transfer vibrations
from the internal structures to the exterior of the reactor vessel or primary piping where
the sensors can be mounted.

Implementation of a vibration monitoring program in U.S. reactors would entail
installation of a number (between 4 and 12) of new sensors, thus posing a major hurdle
for establishing vibration monitoring programs in the United States because of the
understandable reluctance of utilities to make modifications inside reactor containment.
The main advantage of vibration monitoring is its direct nature: since vibration sensors
respond to a mechanical phenomenon that is mechanically transmitted to the sensors,
the measurements should be affected principally by changes in the mechanical conditions
within the system.
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On the other hand, neutron noise analysis extracts and processes the time-varying
component of an existing neutron flux signal to gain indirect information concerning the
vibration of reactor vessel internals. This method is effective in detecting structural

vibration because as internal structures vibrate they induce small perturbations in the
reactor's neutron field. These perturbations are detected as fluctuations around'a
steady-state value in the neutron flux detector signals. The signal fluctuations (noise)
can be analyzed to obtain information about the nature of the perturbing vibrations.

The attractiveness of neutron noise analysis for U.S. utilities is that it uses existing
plant sensors, that is, the in-core and the ex-core neutron detectors that are part of

every reactor's instrumentation. Thus, implementation by U.S. utilities of vessel internals
monitoring programs based on neutron noise analysis appears to be considerably easier

than implementation of vibration monitoring programs.' The main disadvantages of
neutron noise analysis are that (1) measurements can be affected by phenomena other
than vibration and (2) only information concerning the reactor vessel internals can be

obtained; components of the primary system outside the reactor vessel (e.g., steam
generators) cannot be monitored. These points are amplified in the following
paragraphs.

'Because neutron noise analysis relies on neutron flux perturbations to detect
internals vibration, other phenomena that may also affect the flux must be considered
when analyzing neutron noise data. For example, noise signals' are known to be
influenced by' the fuel loading pattern, moderator boron concentration, and fuel burnup,

making it necessary to understand the effects of these variables on the noise signals.4

Thus, frequent baseline signature collection may be necessary when using neutron noise

analysis for monitoring the condition of reactor intemals, at least for the first several
fuel cycles.

As already noted, neutron noise analysis necessarily is restricted to structures
located within the reactor vessel. However, since components in the primary system are
coupled both mechanically and hydraulically, additional sensors (i.e., thermocouples,
pressure transducers, and accelerometers) located throughout the primary system may

enable the analyst to determine the cause of internals vibrations produced by sources
outside the reactor vessel. Obviously, the additional sensors provide information about a

larger structural system, thus making the monitoring program more complex but more

complete and potentially more useful.
In summary, both neutron noise analysis and vibration monitoring can be used for

monitoring the vibration of reactor vessel internal structures. Neutron noise analysis
would be easier to implement by U.S. utilities since the needed sensors are already in
place, but the information gained through its application is necessarily limited to
structures within the reactor vessel. Neutron noise data also are affected by phenomena
other than vibration, thus complicating the analysis and subsequent interpretation.
Vibration monitoring, although more difficult to implement because of the need for new

sensors, provides a more direct measurement of vessel internals vibration and allows a

monitoring program to be expanded, if desired, to include the entire primary coolant

system. Both methods employ essentially the same signal conditioning and data analysis

techniques and require the same amount of periodic data collection. Obviously, the
methods are not mutually exclusive. A case can be made for the combined use of
vibration monitoring and neutron noise analysis, an approach that has been widely
adopted in Europe.



4. SUMMARY OF OPERATING EXPERIENCE

This section summarizes the application of vibration monitoring and neutron noise
analysis for monitoring the condition of reactor vessel internal structures in both the
United States and Europe. The U.S. experience is presented first, followed by reported
experience in the Federal Republic of Germany (FRG) and France. Other countries
such as Sweden, Japan, Belgium, Hungary, and Finland have nuclear power plants in
which vibration monitoring or neutron noise analysis are used for monitoring the
condition of the vessel internals. However, the experience from these countries is not
included in this report simply because it is not as extensive or as widely reported as that
of the German and French programs.

4.1 U.S. EXPERIENCE

Surveillance of reactor internals vibration has seen only limited application in the
United States. Maintenance programs at U.S. utilities are typically composed of a
combination of corrective, preventive, and predictive maintenance techniques. Utilities
rely on generous design margins coupled with periodic in-service visual inspections to
ensure that the structural integrity of the internals will be maintained throughout the
service life of the reactor; they have not shown strong interest in real-time (but
somewhat indirect) means of monitoring internals condition.

A few utilities, however, have initiated vessel internals surveillance programs based
on neutron noise analysis and have demonstrated an ability to monitor vessel internals
vibrations." 7 Of these programs, one was cut back severely, one was eliminated, and one
was ineffectively implemented thereby allowing severe thermal shield damage to occur
even though progressive structural degradation clearly was indicated by the changing
noise signatures.8 9 It appears that, on the whole, the managements of these utilities did
not place sufficient importance on internals condition monitoring to provide the long-
term support necessary for these programs to yield real benefits.

We are aware that internals monitoring programs are currently being performed by
Omaha Public Power District and by Northeast Utilities. In both programs, the utility
performs data collection activities and relies on the reactor supplier (in this case
Combustion Engineering) for support in data analysis and interpretation. This appears
to be a practical arrangement for utilities in the United States, where most of the
information and expertise required to perform interpretation of noise and vibration
signatures is proprietary and resides with the reactor supplier. This type of program, if
properly implemented, has the potential to produce valuable information on the
condition of the reactor vessel internals.

A more common application of reactor internals monitoring in the United States
involves relying on noise analysis to monitor, as a condition for continued plant
operation, the status of a degraded condition already known to exist. A recent proposal
by Southern California Edison to USNRC requesting continued operation of the San
Onofre Nuclear Generating Station 1 (SONGS 1) is an example of this type of internals
monitoring.'0 SONGS 1 has experienced degradation of thermal shield supports, so as a
condition of continued operation Southern California Edison proposed to monitor the

10
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thermal shield vibration periodically using noise analysis of signals from the ex-core
neutron detectors to ensure that further degradation is not occurring.

An earlier but similar example involved instrument tube vibration in boiling-water
reactors (BWRs).Y In this case, neutron noise analysis was used to detect impacting of
instrument tubes on surrounding fuel channel boxes. By reducing the coolant flow rate
and reactor power, damaging impacts were eliminated, and the affected reactors could be
operated until a more satisfactory solution could be implemented. Noise monitoring was
used during this interim period to ensure that no further impacting occurred and also
was used after the permanent "fix" was installed to confirm that impacting indeed had
been eliminated.

U.S. research efforts in the application of noise and vibration analysis techniques
to commercial reactors have declined markedly in recent years. In the late 1970s and
early 1980s, researchers at ORNL studied and developed various aspects of noise
analysis including: BWR stability monitoring; automated noise data acquisition,
screening, and storage systems; core barrel and thermal shield vibration monitoring; and
the establishment of a baseline noise data signature library for all types of reactors using
data collected at a variety of U.S. power plants. This work represented state-of-the-art
reactor noise analysis at that time, and the 'results of this research were quickly
incorporated in vessel internals surveillance programs conducted abroad. In contrast to
these previous, extensive research efforts, almost no reactor-oriented noise analysis work
(with the exception of BWR stability monitoring) is being performed at ORNL today,
and the same can be said of other organizations that once were centers of U.S. activity
and expertise in this area. As support for this work continues to decline, research
capabilities are being lost through disuse, transfer of trained personnel, and rapidly
growing obsolescence and unreliability of data acquisition and analysis equipment.

4.2 GERMAN EXPERIENCE

In the FRG, neutron noise analysis and vibration monitoring of reactor internals
are a regular part of plant maintenance operations. German utilities monitor both
internals vibration and reactor coolant pump (RCP) shaft vibration on a continuing
basis. The sensor types and locations for a typical four-loop pressurized water reactor
(PWR) are shown in Fig. 2. The sensors consist of:

a 4 inductive absolute displacement sensors on the reactor vessel head flange
(A-signals);

* 16 relative displacement sensors, 2 below each RCP, measuring in 2 directions
and 2 near each steam generator, measuring horizontal and vertical
displacement (R-signals);

* 8 ex-core neutron detectors (X-signals);

* 5 piezoelectric pressure sensors at the inlet and outlet pipes (P-signals); and

* 8 proximity (absolute displacement) probes, 2 on each RCP, measuring pump
shaft displacement (W-signals)."2
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* absolute displacement sensor

0 relative displacement sensor
(i piezo pressure sensor

I excore neutron noise detector

TJeddy current sensor

Fig. 2. Vibration and nois sensor positkm of a four-loop Gcrmnan PWR. (Source: R. Sunder,
Gesellschaft for Reaktorsicherheit. Reprinted by permission.)

The vibration signals are reviewed daily by plant personnel, who are thoroughly
trained in noise analysis techniques. Noise experts from Gesellschaft fur
Reaktorsicherheit (GRS), a private research organization similar to a national laboratory
in the United States, are consulted when deviations from baseline signatures or abnormal
trends are detected, and they also participate in the ensuing investigations until a
satisfactory conclusion is reached.
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GRS has been involved in research programs aimed at improving methods for
monitoring nuclear reactor components for over 15 years. These programs involve not
only the reactor internals but also other parts of the primary system such as the RCPs,
piping, piping supports, and steam generators. GRS also evaluates vibration
measurements made periodically as part of the plant maintenance programs at German
pWRS.2

Previous work at GRS has resulted in the solution of several vessel internals
vibration problems. The most widely reported example involves using vibration
monitoring to detect the relaxation of core support barrel hold-down springs."' 4 In this
case, a frequency shift in the resonance associated with the upper core barrel and core
structure was observed. Results from an analytical model indicated that the most likely
cause of this shift was relaxation of the core support barrel hold-down springs. New
springs were ordered while the internals vibration signatures were monitored closely for
signs of additional changes in structural integrity throughout the remainder of the fuel
cycle. Following vessel head removal for refueling, the hold-down springs were
examined, and 65 of 112 produced insufficient holding force to meet specification. The
new springs were installed, and the internals vibration signatures immediately returned to
normal. In this incident, a vibration monitoring program coupled with analytical model
results allowed an anomaly to be detected and diagnosed and the reactor to continue
operation for the remainder of the fuel cycle. Sufficient time was made available for
replacement parts to be ordered, resulting in correction of the problem with minimal
impact on plant operation.

More recently, GRS has been involved in monitoring for loss of preload in screws
holding core former plates to their baffles. Loosening of these screws may give rise to
loose parts circulating in the reactor coolant system and has caused an extended outage
at one German PWR.2 GRS researchers believe this particular degradation can also be
detected by their on-line monitoring systems.

GRS has developed and tested a system for use by trained plant personnel and
operators that continuously monitors vibration of the RCPs and the reactor internals. A
prototype of the system, named COMOS (COndition MOnitoring System), was tested on
the Grafenrheinfeld pressurized water reactor for nearly one full fuel cycle, and updated
versions of COMOS are being installed in the newest Kraftwerk Union (KWU)
'Convoy" plants.2 Both frequency and amplitude of resonances are monitored to detect
deviations from reference (baseline) spectra. Abnormal deviations are detected by
comparing a quotient spectrum, which is calculated from current and reference spectra,
to preset thresholds. The system produces no control-board alarms, but the plant
operations staff reviews the analysis results daily. Abnormal spectra are referred to GRS
personnel for analysis and interpretation based on results from analytical model studies.
A 45-DOF finite-element model of the primary system (including the reactor vessel,
internal structures, steam generator, and RCP) has been developed and validated against
measured vibration data.' This model is shown in simplified form in Fig. 3.

Five beams are used to represent the reactor pressure vessel (RPV) and its
internals; referring to Fig. 3(b), these beams represent (1) RPV, (2) core barrel,
(3) lower support structure, (4) upper plenum assembly, and (5) fuel. Figure 3(b) also
shows the pinned connections joining the beam elements. Each connection has a
rotational stiffness, and each beam has an associated mass distribution and flexural
stiffness. The model calculates pendular, vertical, and rotational displacements of the
internals.
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Steam generator (SG)

Main coolant pump (MCP)

Reactor pressure vessel

(a) PWR prmary arcuiL

Fig. 3 Modeling of PWR primar aryiit and reactor internal (Source: V. Bauernfeind,
Gesellschaft fur Reaktorsicherheit. Reprinted by permission.)

The remainder of the model represents one loop of the primary system. Again,
beam elements are used to model these components, allowing calculation of translation,
rotation, and bending displacements. The piping and component supports are modeled
using springs. In addition to natural frequency and mode calculations, the model can be
used to calculate the response to applied forces, such as flow excitation. Component
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(b) Rigid body nodcl rprezitation of RPV itnas

Fig 3. (cotinued).

masses were obtained from manufacturer's data, and results from shaker tests were used
to estimate the model rotational and flexural stiffness, which then were adjusted until
model results closely matched measured data. After validating the model, the results can
be used to study the effects of various postulated forms of mechanical degradation on
internals vibration. This model was used in the previously mentioned example of relaxed
core barrel hold-down springs to postulate the probable cause of the observed deviation
from the baseline vibration signatures. It also has been used to determine the alarm
criteria built into the COMOS system.' Thus, this model is a valuable tool used
extensively by GRS to gain understanding of how the core internals are expected to
behave when subjected to various postulated degradations. Within the limitations of the
model, the understanding thus gained allows abnormal vibrations to be diagnosed and
appropriate actions taken.

The German program for monitoring vibrations of primary system components,
including the reactor internals, is extensive and well implemented. It has evolved to the
point that vibration and neutron noise data are continuously monitored by automated
systems, with daily review by plant personnel being a normal part of plant maintenance
activities. The development and validation of analytical models are a keystone in this
program, allowing GRS personnel to accurately interpret abnormal noise signatures so
that the seriousness of any anomaly may be ascertained and appropriate actions taken.
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43 FRENCH EXPERIENCE

A similar situation regarding noise and vibration analysis exists in France. Reactor
internals condition monitoring is performed for all French plants by the Surveillance and
Diagnostic Maintenance Group at Electricitt de France (EDF). This group is
responsible for research, development, application, and training in the areas of reactor
maintenance, surveillance of reactor internals and rotating machinery, and diagnosis of
abnormal vibration and loose parts. EDF operates a comprehensive monitoring
program, like that in the FRG, that includes regular data collection and analysis as a
part of normal plant maintenance practices.

Signals used to monitor primary system components in French PWRs are obtained
from accelerometers mounted on the reactor vessel, steam generators, primary system
piping, and pump casings, as well as from pump shaft displacement transducers and noise
signals from the in-core and ex-core neutron flux detectors.2' 6 These sensor locations as
well as a block diagram of the entire monitoring system are shown in Fig. 4. The
accelerometers share the dual roles of monitoring vibration and detecting loose parts.
Each month, signals are collected from the ex-core detectors and from accelerometers
mounted on the reactor vessel and analyzed using a spectrum analyzer and a
microcomputer. The computer compares the collected signatures with baseline
signatures acquired at the beginning of the fuel cycle and thus determines whether or
not an anomaly is present. A more extensive analysis of all signals is performed every
3 months. The vibration data are sent to EDF, where they are transferred to a central
data base. This data base includes vibration signatures obtained during hot functional
and shaker tests, as well as 80 fuel cycles of operating history covering 45 reactor units
(as of May 1987).2

In contrast to the German programs, interpretation of anomalous signatures is
performed at EDF headquarters in Paris rather than at the plant sites. Interpretations
are based on modeling results, results from hot functional tests, the vibration and
neutron noise signatures collected periodically and stored in the data base, and
experience with previously encountered anomalies.

An additional unique tool available to EDF for model verification and anomaly
diagnosis is the SAFRAN test loop located in Saclay."7 SAFRAN (Fig. 5) is a 1/8th
scale mock-up of the primary system of a 900 MW(e) French PWR. SAFRAN includes
a detailed representation of the reactor vessel complete with internals; pressurizer; and
the piping, pumps, and steam generators present in each loop. The mock-up is
instrumented with 80 sensors, including pressure transducers, displacement probes to
measure core barrel and thermal shield movement, and accelerometers. SAFRAN has
been used to estimate damping rates for use in analytical models, to validate the model
results, and to investigate directly the effect of various degradations on vibration
signatures. The heavily instrumented internals allow modeshapes to be verified
experimentally, a capability unavailable to other researchers.

Like the Germans, the French have been able to detect and diagnose abnormal
internals vibration using surveillance and monitoring techniques. Two examples are
described subsequently: the first involves detection of baffle jetting in 1981-82, and the
second is a more recent occurrence involving excessive instrument tube vibration.

Baffle jetting is a phenomenon that can occur because of the gaps between the
baffle plates that separate flow in the coolant downcomer from upward core flow. A
pressure difference exists between the coolant on each side of the baffle; thus, the
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Fig. 5. SAFRAN test loop. (Source: J. C. Carre, Commissariat a L'Unergie Atomique. Reprintedby permission.)

presence of an unintentional gap causes a horizontal coolant "jet' to impinge against anadjacent outer fuel assembly. Baffle-jetting damage was first encountered in France in1981 on the Bugey 2 reactor during its second fuel cycle." A sudden increase in
primary water activity was observed, which was traced to a cladding breach in a
peripheral assembly. Two damaged fuel assemblies were found at the end of the cycle.

In response to this finding, a monitoring program based on in-core neutron noise
signals was initiated by EDF in Bugey and Fessenheim (another French PWR of similar
design). The measurements showed a clear anomaly, namely excessive spectral energy
between 20 and 30 Hz. 6 The source of this anomaly appeared to be an assembly near
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the baffle jet in Bugey Unit 2. Results of the monitoring program allowed several
conclusions to be drawn. First, baffle jetting may not always be detectable, even in
assemblies directly in the jet's path, if the outermost fuel pins on which the jet impinges
do not transmit their vibration to the remainder of the fuel assembly. Second, baffle
jetting may sometimes cause a fuel assembly adjacent to the one actually being impinged
upon to vibrate, thereby generating excessive neutron noise. Finally, in any event the
vibration signature anomaly is detectable only by sensors positioned close to the jet
location. Thus, noise signatures from in-core detectors are probably necessary to detect
the presence of baffle jetting and thereby allow appropriate maintenance to be
scheduled during the next refueling.

A more recent problem experienced in many 1300 MW(e) French plants is
excessive instrument tube vibration caused by flow turbulence below the core support
plate.2', These vibrations eventually lead to perforation of the tube at or above the
core support plate, allowing cold water to impinge on adjacent fuel rods and thereby
cause cladding failure. Several methods of stiffening the connection between the
instrument thimble and the core support plate have been used to reduce the vibrations.
The effectiveness of stiffening the instrument-tube/core-support-plate connection was
verified by analyzing vibration data from accelerometers mounted on the tubes. The
experience gained from this investigation allowed a new approach to this problem.
Accelerometers are now mounted on all instrument tubes and their vibration is
monitored daily. When incipient failure of a tube is predicted, the tube is replaced as
soon as possible.

The French, like the Germans, have implemented a comprehensive and effective
program for monitoring the components in the PWR primary coolant systems. Vibration
and neutron noise data are monitored as a normal part of plant maintenance, enabling
component degradation to be detected and providing additional information that can be
used to identify the degraded component.

4.4 COST EFECTIVENES

It is evident from these examples and others reported in the literature that
internals condition monitoring and analysis research programs can provide valuable
information to utilities and licensing authorities on nuclear plant operability and
condition. Reliable estimates of benefit-to-cost ratios are not so easily found, however.
EDF has recently estimated the benefit-to-cost ratio of their monitoring and noise
research programs to be -2:1.'9 This figure is based on actual costs and the estimated
value of savings accumulated between 1976 and 1986 attributable to the reactor noise
and vibration monitoring programs. Since these EDF programs include vibration,
neutron noise, and loose parts monitoring, the cited 2:1 benefit-to-cost ratio reflects the
combination of these three activities, for which a separation has not been provided. The
cumulative cost is the total spent on design and development, equipment, personnel
training, and routine data collection and analysis. Benefits were calculated using
estimates of the damage that would have occurred, had the monitoring system not been
present. Damage, repair, and outage estimates were based on similar incidents that had
occurred at other EDF facilities, and the financial benefits include the estimated repair
and outage costs.
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Because of the similarity in plant and equipment design between European and
U.S. plants, it seems reasonable to expect that reactor vessel internals condition
monitoring programs applied in the United States would yield benefits comparable to
those experienced abroad. Based on European experience and an emerging consensus
among U.S. noise analysts, guidelines have been developed to assist U.S. utilities in
initiating and executing an internals monitoring program.' These guidelines are
reviewed in Sect. 5.



S. UTILiTY GUIDELINES FOR THE IMPLEMIENTATION OF INTERNAIS
MONITORING PROGRAMS

This section describes some aspects of the implementation of an internals
condition monitoring/neutron noise analysis program by U.S. utilities. It is recognized
that although a well-designed and well-implemented internals monitoring program can be
an asset to plant operation and safety, a poorly organized or poorly implemented
program can actually be detrimental to plant operation, producing low-quality data that
may lead to false alarms under normal conditions or lack of alarms under abnormal -
conditions. Some important considerations of noise monitoring program implementation
are: (a) program organization, (b) integration of the program into plant or utility
operations, (c) formulation of data acquisition and analysis procedures, and (d) personnel
training in noise and vibration analysis techniques.' This section (5) closely follows
Sect. 3 of ref. 20.

Reactor internals condition monitoring/neutron noise analysis programs are
typically organized at the utility engineering level or plant operations level, or they are
dependent on expertise supplied by outside consultants. Table 3 lists some of the
advantages and disadvantages inherent in each type of organization.

Organization at the utility engineering level is most advantageous for utilities
having multiple reactor units or when personnel or equipment is limited. This level of
organization reduces duplication of equipment and personnel positions, but
communication between plant personnel and the noise/vibration analyst may be
compromised. If permanent access to plant signals is not provided, data acquisition and
quality assurance (QA) activities may become costly and inefficient.

If a utility has only one plant or can afford to support programs at each plant site,
then organization at the plant level may be advantageous. Data acquisition, QA, and
integration of the program into plant operations are thereby simplified. However,
communication between noise/vibration analysts at different plants and between the plant
programs and design or analysis groups at the utility engineering level must be ensured.
This is especially important if a utility operates several units of similar design.

Specialist consultants are useful when plant personnel are unable (or untrained) to
solve a particular noise analysis problem. It is nonetheless desirable for the utility to
maintain its own in-house expertise to evaluate the results and understand the
interpretations and recommendations of the consultants. The utility must also take steps
to ensure that adequate information is provided to the consultant so that he or she gains
a proper appreciation of relevant plant history as well as the current problem.

It should be pointed out that the levels of organization just described may be
applied to different aspects of the same program. The German and French programs
provide examples of this. In both the FRG and France, data collection, screening, and
integration with plant activities are performed at the plant leveL With EDF, central
data storage, analysis, and research are all performed at the utility level, whereas in the
FRG, GRS provides the analysis and research capability. The monitoring programs in
place at Northeast Utilities and Omaha Public Power District both carry out plant noise
analysis programs, and both have service arrangements with Combustion Engineering,
which provides diagnostic and analysis services.

21
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Table 3. Advantages and disadvantages of reactor nowe program organiationz

Organization Possible Possible
level advantages disadvantages

Utility Fewer personnel Manpower shortages
Less equipment duplication Lack of:
Communication with design groups plant access
Pooling of analysis results signal access

communication with plant

Plant Knowledge of plant activities More training required
Knowledge of plant instrumentation More personnel required
Signal access Equipment duplication
Personnel availability Lack of:

communication among plants
communication with utility
communication with design
and analysis groups

Consultant May be called when needed Limited problem solution
May supply own equipment Knowledge leaves with
Fast problem solution consultant
Knowledge and experience Lack of:
Low short-term costs results verification

plant access
knowledge of plant
activities

communication with plant
or utility

The effectiveness of a vessel internals condition monitoring/neutron noise analysis
program depends to a large extent on how well the program is integrated into overall
plant operations. Communication between noise/vibration analysts and the plant is vital
if the analyst is to know about operational changes or problems that may have an effect
on noise signatures. Likewise, the plant staff must be aware of abnormal noise
signatures and their interpretations if corrective action is to be taken. Good
communication usually requires that the noise/vibration analyst and plant personnel
jointly review results at least quarterly (preferably monthly).

Procedures must be developed to ensure that noise data acquisition and analysis
are carried out properly and are effectively integrated with plant activities. Procedure
formats are usually dictated by utility guidelines. Well-formulated procedures for data
acquisition and analysis will include the purpose of the procedure, execution time and
personnel requirements, precautions, limitations and actions, prerequisite plant
conditions, required equipment, data to be collected, acceptance criteria, and any special
instructions.

Highly trained noise/vibration analysts with extensive analysis experience are.
essential to the success of an internals condition monitoring/neutron noise analysis
program. Based on experience at ORNL, the subjects the noise/vibration analyst should
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be familiar with are listed in Table 4. Although the analyst should assume responsibility
for all aspects of the internals condition monitoring program, it is possible to have
certain aspects of the program such as data collection and reduction performed by
personnel not trained specifically in noise or vibration analysis.

Table 4. Desed knwl Fr reactor Dos anaLy D

Random processes
Random signal analysis
Fourier transforms

Statistics
Nuclear plant instrumentation
Digital signal processing

Fast Fourier transform (FF1I) algorithms
Use of spectrum analyzers
Use of tape recorders

Fluid flow
Heat transfer
Reactor dynamics

Structural analysis
Electronics
State-of-the-art noise analysis



6 CONCLUSIONS

Vibration monitoring/neutron noise analysis has progressed over the past 20 years
from a research topic to a practical tool that can be (and is) used to obtain information
on the condition of a nuclear plant's reactor vessel internals and other primary coolant
system components. Monitoring programs implemented in both France and the FRG
have demonstrated the benefits of these methods, and these programs can be used by
U.S. utilities as models for constructing their own reactor vessel internals condition
monitoring programs. The success of such programs in the United States would depend
on the priority utilities give them. If the guidelines outlined above and discussed in
greater detail in ref. 20 are followed during the creation and operation of a reactor
vessel internals condition monitoring program, one can expect that economic and safety
benefits similar to those obtained by the French and German programs will be realized.
This would give U.S. utilities a tool with which to improve daily plant operation, monitor
this one aspect of plant structural aging, perform more effective maintenance, and
provide a portion of the technical basis necessary for evaluating the feasibility of
extended plant operation without replacement of reactor vessel internal structures.
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